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I. In t roduct ion  
The accura t e  measurement of thermal r a d i a t i o n  r equ i r e s  the  use of e i t h e r  
a s tandard  source o r  a s tandard  de tec to r .  Most of t he  e a r l y  work i n  t h i s  
I a rea  was centered  around meteorologicgl  proble  and was based upon two i n -  dependent approaches i n i t i a t e d  by K. Angstrom Is of Sweden and C. G .  Abbot- 2 1  
of America. Emphasis was placed upon the development of a de t ec to r  which 
could be c a l i b r a t e d  i n  an  absolu te  manner d i r e c t l y  i r t o  response a s  a func- 
tiop of t h e  r a d i a n t  f l u x  inc iden t  upon i ts  sur face .  
K. A n g s t r o m  of Swedgn began work on an  e l e c t r i c a l  compensation instrument 
l a t e r  known a s  t h e  Angstrom Pyrheliometer. This  instrument became t h e  b a s i s  
of  most European work, not  only i n  meteorology but  i n  o t h e r  f i e l d s  a s  we l l .  
Meanwhile i n  t h e  Smithsonian I n s t i t u t e  under t h e  d i r e c t i o n  of t h e  pioneer  
The water-flow instrument  was t h e  
P r i o r  t o  1900 
I a s t r o p h y s i c i s t  Langley, C. 6. Abbot and h i s  co-workers developed the  s i l v e r  
I d i s k  and t h e  water-flow pyrheliometers.  
primary o r  abso lu t e  s tandard,  bu t  t he  s i l v e r - d i s k  instrument  became t h e  
working s tandard  because of i ts g r e a t e r  s impl i c i ty  i n  ope ra t ion  and use. 
Most of t h e  meteorological  measurements throughout the  world a r e  s t i l l  
based upon e i t h e r  t h e  Angstrom type pyrheliometer o r  t he  Abbot s i l v e r - d i s k  
instrument .  Since n e i t h e r  of t hese  instruments  can be considered t r u l y  
abso lu te  it i s  not  s u r p r i s i n g  t h a t  through t h e  yea r s  d i f f e r e n c e s  in r e s u l t s  
through t h e  use of t he  two inst rumentat ions have occurred. These d i f f e rences  
between t h  
reso lved  29, thereby emphasizing t h e  need f o r  a new s tandard  i n  t h i s  a r ea .  two s c a l e s  of about 1 t o  2 percent  have not  been cornpl-c-tely 
For o t h e r  than  meteorological  measure 4 y t s ,  a s tandard  of t o t a l  
i r r a d i a n c e  o r i g i n a l l y  s e t  up by Coblentz - i n  1913 i n  the  form of a 50- 
w a t t  carbon f i lament  lamp and ope ra t ing  a t  a co lo r  temperature of around 
1800 t o  2000'K has been employed t o  t h e  present  t i m e .  This s tandard  has 
served  w e l l  f o r  more than  50 y e a r s  i n  many l a b o r a t o r i e s  not  only i n  America 
b u t  throughout t he  world. 
- 
This s t anda rd  i s  based upon t h e  Stefan-Boltzmann Law of Radiat ion which 
r e l a t e s  t h e  f l u x  per  u n i t  a r ea  (M) from a blackbody t o  i t s  abso lu te  tempera- 
t u r e  T: 
I n  t h e  o r i g i n a l  measurements by Coblentz t h e  value of CJ was taken a s  5.7 x 
wa t t  c m - 2  deg - 4 .  
u s u a l l y  set  a t  a d i s t ance  of approximately 70 cm. 
t empera tures  were a l s o  employed.) 
The blackbody was usua l ly  opera ted  near 1400°K and 
(Other d i s t ances  and 
No cor rec t ion  was made f o r  water vapor 
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abso rp t ion  f o r  e i t h e r  t he  blackbody o r  t he  lamp. While the  value of cr 
employed by Coblentz, namely 5.7 x 
b e s t  information a t  t h a t  time; i t  may be noted t h a t  l a t e r  experimental  
va lues  a r e  much higher .  
w a t t  cm-2 deg-'K, r ep resen ted  t h e  
These data ?', (see Table I) obtained between 1916 and 1933 s c a t t e r  
around a mean of 5.767. I n  a d d i t i o n  t o  t h e  va lues  of Table I, a r e c e n t l y  
unpublished value of 5.77 was obtained by E .  J. Gillham 51. On the  o the r  
hand, t he  t h e o r e t i c a l  value of 0 based upon 
r e s u l t s  i n  a value of 5.669, about one-half  percent  below t h e  value 
employed by Coblentz i n  1913. 
be determined. 
Thus the proper value of 0 s t i l l  remains t o  
Nevertheless,  s ince  r ecen t  needs f o r  higher  accuracy and wider ranges 
of t o t a l  i r r ad iance  have a r i s e n ,  we have proceeded t o  set  up lamp s t anda rds  
of t o t a l  i r r ad iance  i n  the form of tungsten-f i lament  lamps of t h r e e  s i z e s  
( loo- ,  500-, and 1000-watt) operated a t  co lo r  temperatures between 2700 and 
2850°K, and based upon the  s p e c t r a l  radiance,  of a blackbody. 
2 1.191 x w a t t  cm / s t e r ,  and 
= 
= 1.4380 cm deg K (by d e f i n i t i o n ,  IPTS), c2 
h = wavelength i n  cm, and 
T = temperature i n  degrees K. 
11. Instrumentat ion and Methods. 
I n  order t o  e l imina te  problems which a r i s e  because of s i g n i f i c a n t  water  
vapor and C02 absorpt ion beyond 4 microns, a q u a r t z  p l a t e  c a l i b r a t e d  f o r  
s p e c t r a l  t ransmit tance was in t e rposed  between t h e  blackbody and the  r e c e i v e r .  
Atmospheric absorpt ion of t h e  energy from the  lamp s t anda rd  i s  almost 
i n s i g n i f i c a n t ,  f i r s t  because of t h e  o p e r a t i o n  of t h e  lamp a t  a r e l a t i v e l y  
high temperature and second because t h e  g l a s s  envelope i s  s h i e l d e d  excep t  f o r  
a narrow area (1 inch) of t he  bulb i n  f r o n t  of t h e  f i l amen t .  I n  f i g u r e  1 i s  
shown the  experimental se t  up employed i n  comparing t h e  i r r a d i a n c e  from the  
blackbody with t h a t  from a tungsten-f i lament  lamp. I n  t h i s  case f o r  t h e  100- 
wa t t  lamp, the blackbody i s  s e t  a t  a d i s t a n c e  of about 33 c m  - t h e  lamp a t  
about 1 . 3  meters. Ca l ib ra t ed ,  water-cooled ape r tu re s*  determine the  b l ack -  
body i r r a d i a n c e s  a t  t he  s e t  temperatures which a re  c o n t r o l l e d  t o  f .2  degree 
C over extended per iods of time. The thermopile  (or  thermocouple) i s  r o t a t e d  
t o  a l t e r n a t e l y  f ace  the blackbody and the  lamp under s tudy.  The the rmoe lec t r i c  
* 
See footnote  on page 3. 
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ou tpu t s  a r e  evaluated through t h e  use of a nanovoltmeter and s t r i p  
recorder .  To keep t h e  two thermoelectr ic  v o l t a g e s  comparable when 
c h a r t  
c a l i b r a  - 
r i n g  t h e  LOO-,  500-, and 1000-watt lamps, t h e  blackbody temperature i s  a l t e r e d ,  
t h e  d i s t ance  of t h e  lamp i s  va r i ed ,  o r  an a t t e n u a t i n g  chopper i s  set  up 
befxee;i tile ianp and d e t a c t o r  as requiLed.  Extemi-Je s h i e l d i n g  i s  incorporated 
i n t o  t h e  se tup  t o  e l i m i n a t e  any e f f e c t s  frox extraneous i r r a d i a t i o n  reaching 
the the rmoe lec t r i c  de t ec to r .  The blackbody furnace (and blackbody) i s  sh ie lded  
by a double water-cooled sh ie ld .  The detector  i s  covered by a s h i e l d  l i m i t i n g  
i t s  view t o  a s m a l l  angle.  A t r i p l e  (aluminum) m e t a l  s h i e l d  ( a l s o  t r i p l e  
s h u t t e r )  each p i e c e  blackened on t h e  s ide  f a c i n g  t h e  de t ec to r ,  and placed about 
25 cm from t h e  s t anda rd  lamp, i n s u r e s  a near-room temperature condi t ion on a l l  
s u r f a c e s  v i s i b l e  t o  t h e  d e t e c t o r .  A supplementary s h i e l d  placed midway between 
t h e  m u l t i p l e  s h i e l d s  and t h e  de t ec to r  f u r t h e r  reduces s t r a y  i r r a d i a n c e s  and 
a i r  c u r r e n t s  i n  the  v i c i n i t y  of t he  detector .  
Although s e v e r a l  t he rmoe lec t r i c  de t ec to r s  were s e t  up and employed i n  
t h e  e a r l y  measurements i n  t h i s  i n v e s t i g a t i o n  t h e  f i n a l  r e s u l t s  a r e  based 
p r imar i ly  upon the use of two con ica l  cav i ty  d e t e c t o r s  o f  t he  type p r e d o u s l y  
descr ibed L/ and i l l u s t r a t e d  i n  f i g u r e  2. This d e t e c t o r  i s  cons t ruc t ed  i n  
trhe form of a cone o f  s m a l l  angle  and coated wi th  carbon o r  o t h e r  black on 
t h e  i n s i d e  surface.  To reduce h e a t  capaci ty  and thereby inc rease  response 
r a t e ,  t h e  cone i s  made of  t h e  t h i n n e s t  gold f o i l  having s u f f i c i e n t  s t r e n g t h  t o  
i n s u r e  adequate support  under l abora to ry  condi t ions.  It i s  t h e  n e a r e s t  
approach t o  a blackbody d e t e c t o r  of any s tud ied  i n  this  l abora to ry .  C e r t a i n l y  
over t h e  narrow s p e c t r a l  range of about 0 . 3  t o  about 5.0 microns, which i n -  
c ludes  above 99 pe rcen t  of t h e  i r r ad iance  from bo th  the blackbody and t h e  
s t anda rd  tungsten-f i lament  lamps, t h e  s p e c t r a l  response of  t h i s  d e t e c t o r  may 
be considered t o  be n e u t r a l .  
The blackbody, which w a s  operated up t o  14OO0K, i s  cons t ruc t ed  of a 
c a s t i n g  of a n  a l l o y  of 80 percent  n i c k e l  and 20 pe rcen t  chromium and has  a 
3- inch o u t s i d e  diameter, 6-inch length and a w a l l  t h i ckness  of 1 / 2  inch. The 
low r e f l e c t i v i t y  of  t h i s  oxidized m e t a l  coupled w i t h  t h e  small  a p e r t u r e  ( 3 / 8 ”  
diam.) as  compared w i t h  t h e  i n t e r n a l  surface a r e a  r e s u l t s  i n  a blackbody 
e f f e c t i v e  e m i s s i v i t y  (when applying the  DeVos method of determining c a v i t y  
emis s iv i ty )  of 0.999. The high hea t  capaci ty  of t h e  a s s o c i a t e d  furnace g ives  
t h e  blackbody a ve ry  h igh  thermal s t a b i l i t y .  
body w a s  bo th  measured and c o n t r o l l e d  by t h e  vo l t age  generated by a platinum- 
p l a t i n u n  (10% rhodium) thermocouple previously c a l i b r a t e d  by t h e  NBS 
Temperature Physics Sec t ion  of t h i s  Bureau t o  an accuracy of 0.5 degree C. 
To c o r r e c t  f o r  thermocouple dep rec i a t ion  a t  the temperatures of ope ra t ion  
(1300 t o  1400OK) replacement o r  r e c a l i b r a t i o n  of t h i s  element was r equ i r ed  
from t i m e  t o  t i m e .  
degree C by means of a commercial thermoelectr ic  i c e  po in t .  
o u t  s o l d e r e d  connections c a r r i e d  t h e  thermocouple vo l t age  t o  copper k n i f e  
. 
The temperature of t h e  black-  
m-e thermocouple i c e  p o i n t  was maintained a t  0.0 +_ 0.05 
Lead wi re s  wi th -  
9: 
(See f o u r t h  t o  l a s t  l i n e  page 2) Three a p e r t u r e s  having diameters of 
approximately 2, 3, and 4 mm were c a r e f u l l y  c a l i b r a t e d  by David Spangenberg 
o f  the Engineering Metrology Sect ion of t h i s  Bureau. 
ments were made w i t h  t h e  4 mm aperture .  
Most of our measure- 
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switches by which i t  could be d i r ec t ed ,  a l t e r n a t e l y  o r  simultaneously,  t o  
t h e  temperature measurj-ng o r  temperature c o n t r o l l i n g  equipment. 
The mclasuring equipment cons i s t ed  of a Leeds 6 Northrup K-3 
potention,E f.er with accessory equipment. 
been c a l i b r a t e d  by the NBS Electrochemistry Sec t ion  of t h i s  Bureau. 
The s tandard c e l l  had previously 
The temperature c o n t r o l l i n g  equipment cons i s t ed  of a Leeds 6L Northrup 
10877 cont ro l  system, p l u s  an FAG3 magnetic a m p l i f i e r .  The 10877 c o n t r o l  
system c o n s i s t s  of a No. 10810 se t  po in t  u n i t ,  a No, 9834-2 n u l l  d e t e c t o r ,  
and a No. 10877 C . A . T .  ( cu r ren t  a d j u s t i n g  type)  c o n t r o l  u n i t .  
The mode o f  ope ra t ion  was a s  follows: 
A. The d e s i r e d  blackbody temperature was se l ec t ed ,  and t h e  
corresponding therrnocauple v o l t a g e  was s e t  i n t o  t h e  s e t  p o i n t  u n i t  by 
means of a 0 t o  50 m i l l i v o l t  coa r se  adjustment w i t h  5 m i l l i v o l t  s t e p s ,  
and a ten- turn "helipot" f i n e  adjustment which divided each 5 m i l l i v o l t  
i n t e r v a l  i n to  one thousand 5 microvol t  d i v i s i o n s .  The output  of t h e  s e t  
po in t  u n i t  w a s  t h e  d i f f e rence :  thermocouple vo l t age  minus s e t  po in t  v o l t -  
age.  This  output formed t h e  i npu t  f o r  t he  n u l l  d e t e c t o r ,  which ampl i f ied  i t ;  
the  output  of t he  n u l l  de t ec to r  was the  input  f o r  t h e  C.A.T. u n i t ,  which 
transformed i t  t o  a cu r ren t  source; f i n a l l y ,  t h e  output  o f  t h e  C . A . T .  u n i t  
was the  input f o r  t he  FAG3 magnetic a m p l i f i e r .  The magnetic a m p l i f i e r  pro-  
v ided  up t o  20 amperes c u r r e n t ,  a t  up t o  90 v o l t s ,  t o  h e a t  t h e  blackbody oven. 
B.  To opera te  the  blackbody a t ,  say 1400°K, t h e  oven c u r r e n t  was s e t  
manu:i?ly a t  about 15 amperes when the  oven was s t a r t e d  from room tempera- 
t u r e .  When the n u l l  d e t e c t o r  i n d i c a t e d  t h e  blackbody temperature w a s  roughly 
50 deg. C .  below t h e  d e s i r e d  temperature,  t h e  C.A.T. u n i t  was switched from 
manual t o  automatic c o n t r o l .  A s  t he  blackbody temperature approached n e a r e r  
t o  the  desired va lue ,  t he  s e n s i t i v i t y  of t h e  n u l l  d e t e c t o r  was slowly i n -  
c reased  t o  a l e v e l  s u f f i c i e n t  t o  maintain the  equi l ibr ium temperature.  
C .  I f  the equi l ibr ium temperature d i f f e r e d  from the  s e t  po in t ,  i t  
could  be co r rec t ed  by a minor adjusLrrienL o f  the s e t  p o i n t .  
Figure 3 i l l u s t r a t e s  the  s p e c t r a l  i r r a d i a n c e  of a blackbody opera ted  a t  
1300"K, the  temperature employed i n  some of t he  work. A l s o  t h e r e  i s  i n -  
d i c a t e d  on the same s c a l e  the s p e c t r a l  i r r a d i a n c e  from a 300°K blackbody - 
the  temperature of the  water-cooled s h u t t e r  - which may be considered zero  
on t h i s  s ca l e .  The s p e c t r a l  t r ansmi t t ance  of t h e  q u a r t z  p l a t e  determines 
t h e  long-wave cutoff-  of  t hc  blJcltbody i r r a d i a n c e .  Hence, the e f f e c t s  of 
t h e  water vapor absorpt ivn ' i t  6 microns and longer wavelengths a r e  e l imin -  
a t e d  a s  i s  the c a s e  w i t h  much of  t h c  C 0 2  a b s o r p t i o n  a t  4 .2  microns. 
t h e  1120 bands a t  s h o r t e r  wavelengths need be cons ide red .  
watcr  vapor absorpt ion foi- the  33-cm path l eng th  between t h e  blackbody 
a p e r t u r e  and thermopile i s  i nd ica red  on t h e  b a s i s  of a n  amount equ iva len t  t o  
0.0001 p r e c i p i t a b l e  cm n tp .  
based upon data r e c e n t l y  publ ished by Wyatt and a s s o c i a t  s - 85 , while  t h e  C02 
abso rp t ions  amount t o  approximately 0 .5  p e r c e n t .  
Only 
On t h i s  c h a r t  the  
Th i s  amount o f  a b s o r p t i o n  by w a  e r  vapor i s  
The combined v a l u e s  a r e  based upon the da t a  by S t u l l  and co-workers - 97 . 
~ 
- .  
- 5 -  
The water vapor con ten t  of the atmosphere was determined from 
measurements of the temperature and r e l a t i v e  humidity of t he  l abora to ry  
during the  course of  the  measurements which ranged (a few degrees, o r  
percent) around 75°F and 70%. And from the  curves of Figure 4 ,  which were 
prepared from the  Smithsonian meteorological t a b l e s  101 giving the  dens i ty  
of water vapor a t  s a t u r a t i o n  a s  a funct ion of temperature, the  moisture con- 
t e n t  ( the absolu te  humidity of t h e  atmosphere) was determined i n  grams per  
cubic meter. 
111. Results.  
I n  Table I1 a r e  shown data  obtained on the  t h r e e  o r i g i n a l  carbon 
f i lament  lamp standards set up by Coblentz i n  1913. A s  noted e a r l i e r  h i s  
data ,  shown i n  column 5, were obtained by using the  Stefan-Boltzmann Law 
and making no c o r r e c t i o n s  f o r  water vapor absorpt ion.  Our data were based 
upon the  Planck Law of Radia t ion  wi th  a c o r r e c t i o n  of +0.5% being made f o r  
water vapor absorpt ion.  H i s  data incorporated a va lue  f o r  CY of 5.7 while a 
va lue  of about 5.67 a s  poin ted  our above, i s  c o n s i s t e n t  w i th  the  cons tan ts  
which we used i n  Planck 's  equation. 
I n  Table I11 data on t o t a l  i r rad iance  a r e  given f o r  t h ree  groups of 
tungs ten  f i l amen t  lamps (100-watt, 5O0-watty and 1000-watt) when operated 
a t  0.75, 3.60, and 7.70 amperes, respec t ive ly .  These data  were not c o r r e c t -  
ed f o r  any absorpt ion of r a d i a n t  f l u x  by water vapor between the  lamp and 
radiometer.  Any c o r r e c t i o n  i n  the  o r i g i n a l  data  i s  small. However, i t  i s  
p o s s i b l e  t h a t  Some c o r r e c t i o n  should be made if the lamps are used i n  a w r y  
humid atmosphere 2 1  (e.g. a t  r e l a t i v e  humidi t ies  above 75 percent) .  
Since the  new standards operate  a t  much h ighe r  temperatures than the  
carbon f i l amen t  lamps, t he  peak of t he  s p e c t r a l  energy curve i s  s h i f t e d  
toward the  s h o r t e r  wavelengths and consequently conforms more c l o s e l y  wi th  
the  s p e c t r a l  curves  of the  NBS standards of luminous i n t e n s i t y ,  s p e c t r a l  
radiance,  and s p e c t r a l  i r rad iance .  The lamps employed a r e  commercial pro- 
j e c t i o n - t y p e  tubular-bulb lamps having C-13 type c o i l e d  f i laments  and may 
be ope ra t ed  on e i t h e r  ac  o r  dc. The usefu l  c a l i b r a t i o n  l i f e  f o r  the 100- 
w a t t  lamps ( a t  l e a s t  50 hours f o r  1% change) f a l l s  somewhat sho r t  of t h a t  
p rev ious ly  a v a i l a b l e  through the use of the  carbon f i l amen t  lamps. A sim- 
i l a r  lamp l i f e  may be expected i n  the case of the  500-watt and 1000-watt 
lamp s t anda rds  s ince  t h e i r  ope ra t ing  color temperature (when opera ted  a t  
3.60 and 7.7'0 amperes respec t ive ly)  l i e s  between 2800 and 2850OK. Other- 
wise, t h e i r  c h a r a c t e r i s t i c s  a r e  s imi la r ,  w i th  ou tpu t s  being about 5.5 and 
13 t imes t h a t  f o r  the  100-watt lamp standards. 
An e s t i m a t e  of the  accuracy of the values  ass igned  t o  the lamps i s  based 
on the  fo l lowing  f a c t o r s :  
1. The temperature of the blackbody i s  known t o  w i t h i n  1/2' a t  1300'K 
the reby  producing an unce r t a in ty  of +_0.2%. 
2. The d i s t a n c e  measurement is  known t o  w i t h i n  0.5 mm thereby producing 
an  u n c e r t a i n t y  of +_O. 2%. 
3 .  The t r ansmi t t ance  of t he  quartz p l a t e  i s  known wi th  an unce r t a in ty  
of +0.4%. 
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4. The area of t h e  blackbody a p e r t u r e  produces an unce r t a in ty  of +0.1%. . 
5. The p rec i s ion  of measurement c o n t r i b u t e s  50.3% t o  t h e  unce r t a in ty .  
6 .  The unce r t a in ty  of t he  blackbody emiss iv i ty  i s  0.1%. 
When these f a c t o r s  a r e  taken i n t o  cons ide ra t ion  along wi th  the  unce r t a in -  
t y  f o r  the values of c1 and c2, an o v e r a l l  c e r t a i n t y  of t h e  o rde r  of +1.0% 
should be a t t a i n e d ,  based upon a value of 1.4380 c m  deg K f o r  c2.  
IV. Operation of t he  Standards 
The carbon-filament lamp was employed a s  a s tandard of t o t a l  i r r a d i a n c e  
f o r  h a l f  a century l a rge ly  because of i t s  proved s t a b i l i t y  3 1 .  
ments f o r  higher i r r a d i a n c e s  a t  higher  temperatures has  n e c e s s i t a t e d  the  
switch t o  the tungsten-f i lament  type lamps. Considerable experience a t  t h i s  
Bureau over many yea r s  with commercial p r o j e c t i o n  lamps a s  s tandards of lum- 
inous i n t e n s i t y  and color  temperature has proved t h e i r  a d a p t a b i l i t y  f o r  use 
as standards of t o t a l  i r r ad iance .  Although t h e i r  u s e f u l  l i f e  may not  equal  
t h a t  of t he  e a r l y  carbon-filament lamps, proper c a r e  and handl ing should i n -  
su re  a l i f e  approximating a t  l e a s t  50 hours w i t h  change i n  t o t a l  i r r a d i a n c e  
not exceeding about 1 pe rcen t .  
The r e q u i r e -  
These standards have been s e t  up with ope ra t ion  on dc and w i t h  a l l  
c u r r e n t  and vo l t age  measurements made with po ten t iome t r i c  equipment. 
recommended t h a t  they be operated a t  the f i x e d  c u r r e n t  va lues  l i s t e d  wi th  
vo l t age  measurements made a s  power input  checks from t i m e  t o  t i m e .  
be operated on ac or dc a s  desired.  A change i n  the  cu r ren t -vo l t age  r e l a -  
t i o n s h i p  i s  a d e f i n i t e  s i g n a l  t h a t  t he  lamp s t anda rd  r e q u i r e s  r e c a l i b r a t i o n  
o r  replacement but i f  i t  i s  necessary t o  use the s t anda rd  i n  f u r t h e r  measure- 
ments, operat ion a t  c a l i b r a t e d  wattage would be p r e f e r a b l e .  
It i s  
They may 
The lamps employed f o r  use a s  s t anda rds  a r e  s e l e c t e d  f o r  absence of 
s i g n i f i c a n t  o p t i c a l  o r  mechanical d e f e c t s ,  seasoned, marked f o r  o r i e n t a t i o n  
and then c a l i b r a t e d  f o r  the dens i ty  of r a d i a n t  f l u x  a t  1 and 2 meters i n  
tlit? s p e c i f i e d  d i r e c t i o n  - i nd ica t ed  by a v e r t i c a l  l i n e  on t h e  s i d e  of bulb 
toward radiometer and a v e r t i c a l  l i n e  through a c i r c l e  on t h e  oppos i t e  s i d e .  
I n  operat ion the lamp i s  screwed i n t o  any s u i t a b l e  socket which i s  h e l d  
upright  by some convenient support .  The lamp bulb i s  plumbed i n  a v e r t i c a l  
p o s i t i o n  with the cen te r  of t he  f i lament  l e v e l  w i th  the  radiometer and s e t  
d i r e c t l y  back of a 1-inch high by 3-inch wide opening i n  a t r i p l e - p l a t e  
metal  sh i e ld  blackened on the  su r face  toward d e t e c t o r  a t  a d i s t a n c e  of 25 
cm from the s h i e l d .  A s i m i l a r  t r i p l e - p l a t e  blackened metal  s h u t t e r  i s  
mounted near the 1-inch by 3-inch opening i n  t h e  s h i e l d  i n  such a manner 
t h a t  i t  can be e a s i l y  moved by remote c o n t r o l  a s u f f i c i e n t  amount t o  c l e a r  
t h e  opening i n  the  s h i e l d .  The recommended se tup  i s  thus  s i m i l a r  t o  t h a t  
shown i n  f igure 1 and employed i n  the  o r i g i n a l  c a l i b r a t i o n s .  Addit ional  
blackened sh ie lds  should be placed a t  1 meter back of t h e  lamp, over t h e  
thermopile, and between t h e  thermopile and p r i n c i p a l  s h i e l d  a s  r equ i r ed .  For 
b e s t  operat ion the e n t i r e  s e tup  may be p laced  i n  a l a r g e  blackened chamber o r  
small  unlighted room. 
To conserve the  c a l i b r a t i o n ,  which always gradual ly  changes wi th  use, 
t hese  lamps must be kept a s  re ference  s tandards only,  and o the r  lamps used 
a r e  made, 
I a s  working s tandards  i n  a l l  cases  where extensive rad iometr ic  comparisons 
These i n s t r u c t i o n s  and the  use of these s tandards  of t o t a l  i r r ad iance  
apply to radiometers having n e u t r a l  responses with wavelength and used i n  
a i r .  Mos thermal d e t e c t o r s  a r e  not  n e u t r a l  i n  response over wide s p e c t r a l  
ranges - 125 and i f  a'window i s  used on the radiometer,  i t ' s  t ransmi t tance  
may not  be uniform through the  e n t i r e  s p e c t r a l  range of wavelengths emi t ted  
by trhe s tandard  lamp o r  t h e  source under study, i n  which case c o r r e c t i o n  
will be requi red  f o r  t he  window absorpt ion 131 and t h e  s e l e c t i v e  response 
of t he  de t ec to r .  For example, a quar tz  window (or qua r t z  g l a s s )  may be 
found t o  have a t ransmi t tance  f o r  the  t o t a l  s tandard lamp i r r ad iance  of  
about 90 percent  while i t s  s p e c t r a l  t ransmit tance i s  near  92 percent  through 
much of t h e  u l t r a v i o l e t ,  v i s i b l e  and i n f r a r e d  t o  near 3 microns. For an- 
o ther  source, f o r  example a low temperature hea te r  o r  blackbody, t he  t o t a l  
t ransmi t tance  of the  quar tz  may be a s  low a s  10 t o  50 percent .  S imi la r  data  
on a CaP2 or LiF2 window having a s p e c t r a l  t ransmi t tance  from the  u l t r a v i o l e t  
t o  near  7 microns (and f o r  the  s tandard  lamp) of around 92 percent  may be 
found t o  have a 50 t o  80 percent  t ransmit tance f o r  t h e  i r r a d i a n c e  of a ve ry  
low temperature source. O r  a KBr window having a high s p e c t r a l  t ransmi t tance  
from t h e  u l t r a v i o l e t  t o  near  20 microns ( t o t a l  t ransmi t tance  f o r  t he  s tandard  
lamp of about 89 percent)  may be found t o  have a 60 t o  80 percent  t r ansmi t -  
t ance  f o r  t h e  t o t a l  i r r ad iance  from a low temperature source.  
The thermal - rad ia t ion  s e n s i t i v i t y  of a thermopile v a r i e s  wi th  the  degree 
of evacuation; when h ighly  evacuated t h i s  s e n s i t i v i t y  may be seve ra l  t imes a s  
g r e a t  a s  i n  a i r .  Because a t  low a i r  p ressures  the  s e n s i t i v i t y  i s  v a r i a b l e  
w i t h  t h e  pressure,  g r e a t  c a r e  must be taken t o  t e s t  the  s e n s i t i v i t y  of t he  
thermopile under the  exac t  condi t ions  e x i s t i n g  during i t s  use. Generally,  
t h e r e  i s  no f u r t h e r  change i n  the  s e n s i t i v i t y  of t he  thermoelec t r ic  de t ec to r  
a t  p re s su res  below t o r r .  
The i d e n t i c a l  a r ea  of t he  radiometer r ece ive r  should be exposed t o  the  
s t anda rd  of  r a d i a t i o n  a s  i s  used i n  t h e  measurements of t h e  unknown source 141 
Likewise it i s  important t h a t  the  i r r ad iances  from t h e  two sources  be of 
uniform i n t e n s i t  s ince  a l l  thermal de t ec to r s  may vary  s i g n i f i c a n t l y  over 
t h e i r  s u r f a c e s  - 131 . 
The the rma l - r ad ia t ion  s e n s i t i v i t y  of a thermopile may vary with t h e  
temperature .  O r  i n  t h e  case of a thermopile-galvanometer system wherein 
c u r r e n t  measurements a r e  made, the  c i r c u i t  r e s i s t a n c e  may vary appreciably 
wi th  temperature.  I n  any case temperature co r rec t ions  should be made when 
and where requi red .  
C a l i b r a t i o n  da ta  a r e  given a t  two dis tances ,  namely a t  1 and at 2 meters.  
I n  genera l ,  the  va lue  a t  1 meter i s  exac t ly  4 t imes t h a t  a t  2 meters. I n  
most work t h e  inverse  square law may be appl ied  i n  t h e  use of these  lamps f o r  
a l l  d i s t a n c e s  g r e a t e r  than about 25 t o  50 cm. wi th  a r e s u l t a n t  p r e c i s i o n  of 
about  1 percent .  Measurements with t h e  lamps a t  two d is tances ,  f o r  example 
a t  1 and a t  2 meters ,wi l l  f u r n i s h  a check on e r r o r s  which may r e s u l t  because 
Of s c a t t e r e d  background i r r a d i a n c e  o r  from n o n - l i n e a r i t y  i n  e l e c t r o n i c  o r  
o t h e r  equipment which may be employed i n  the measurements. 
Table I. 
Experimental Values of the Stefan - Boltzmann Constant, 1916-1933 
-2 -4 W. Gerlach 1916 5.80 x 10-12Wcm deg 
W. W. Coblentz 1917 5.72 
K. Hoffman 1923 5.76 
A. Kussmann 1924 5.74 
F. Hoare 1928, 1932 5.74 
C. F. Mendenhall 1929 5.79 
C. MGller 1929, 1933 5.77 
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Table 11. 
New and Or ig ina l  Ca l ib ra t ions  on Three Primary Carbon-Filament Lamps, 
i n  p,w/cm2 a t  1.00 meter 
1965 Values 
Lamp No. T r i a l  1 T r i a l  2 Mean 1913 Values Dif fe rence  % 
c-1 358.0 
c -2 330.1 
c -3 367.0 
360.5 359.25 359.6 -0.1 
329.2 329.65 333.2 -0.99 
366.6 366.8 368.0 -0.3 
Average -0.46% 
e .  
Table I11 
. Tota l  i r r ad iances  Srom t h r e e  groups of tungsten-f i lament  lamp reference  
standards.  
100-watt lamp standards operated a t  0.75 ampere 
2 
Larnp f Volts - I r r a d i a n c e  a t  1 meter, pW/cm 
7741 97.57 568.8 
7 7 $ 5  
7746 
7 ;49 
96.56 
94.94 
94.04 
582.4 
548.1 
541.4 
59O-xat t  lamp standards operated a t  3.60 aaperes  
2 L:inp Q Vol ts  I r r ad iance  a t  1 meter, pW/cm 
90.18 
90.00 
89.51 
89.24 
2956 
3000 
3064 ' 
2960 
1000-watt lamp standards operated a t  7.70 amperes 
2 Lamp # Volts  I r r ad iance  a t  1 meter, pW/cm 
1 0 G .  94 
101.04 - 
101.16 
101.03 
72 16 
7380 
7332 
7220 
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